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In this work, we propose a new source for gravitational wave (GW) radiation associated with
the quantum chromodynamics (QCD) phase transition in the inner cores of neutron stars. The
mechanism is based on the bubble dynamics during the first-order phase transition from nuclear
matter to quark matter. We identify the characteristic frequency to be of order ωc ∼ 106 rad/s
for this kind of sources and the strain magnitude (h ∼ 10−24 for a neutron star at a distance of
0.1 Mpc) reachable by future GW detectors. The GW spectra are shown to be useful to check the
transition nature at high baryon chemical potential as well as to constrain the radius and density
of the inner cores, which are still indistinct up to now.
Introduction.—The composition and structure of neu-
tron stars (NSs) is one of the most intriguing but difficult
questions in modern astronomy. Over the past decades,
significant efforts have been devoted to establishing pos-
sible existences of quark matter in the inner cores of NSs
[1–6]. However, the nature of inner cores remains a big
puzzle owing to the difficulties in accessing that region
either observationally or theoretically: On one hand, the
outer cores of NSs are so dense and thick that the elec-
tromagnetic signals are unable to escape; on the other
hand, the first principle lattice QCD calculation of the
equation of state remains hard at high baryon density
due to the sign problem [7, 8]. The successful detec-
tions of GW from both binary black holes mergers [9–11]
and binary neutron stars merger [12] by LIGO and Virgo
open a new window into the interior of neutron stars.
It turns out that the clean and precise GW signals offer
great constraints on the ambiguous equation of state of
NSs [13–20]. In this work, we propose a new source for
GW, which is associated with the QCD phase transition
in the inner cores of NSs.
As a matter of fact, the underlying mechanism of GW
generation from the new source is analogous to the one in
early universe, where GW radiation is induced by first-
order phase transitions (FPTs) [21–29]. However, the
FPT here is driven by density rather than by temper-
ature as in early universe: as a neutron star undergoes
quick gravitational collapse during supernova explosion,
the baryon chemical potential µB of inner core eventually
exceeds the critical value and then turns the nuclear mat-
ter into quark matter. The transition is usually thought
to restore chiral symmetry and found to be of first-order
in chiral effective models [30–32]. Above the critical µB ,
the FPT proceeds via the nucleation and expansion of
quark matter bubbles inside the metastable nuclear mat-
ter. Meanwhile, a huge amount of latent heat is re-
leased, part of which is finally converted to GW radiation
through bubble collisions [22–24]. Note that this kind of
GW is transient and differs much from the periodic quasi-
normal mode generated by hybrid NSs [5, 6, 33]. As the
GW carries specific information of the underlying FPT,
it may shed light on the properties of inner cores once de-
tected in the future. Throughout the work, the following
conventions are used ~ = c = 1.
First-order phase transition.—In order to study phase
transition in the cores of neutron stars, we simply adopt
the renormalizable quark-meson model [31]. The La-
grangian density is given by
LQM =1
2
[
(∂µσ)
2 + (∂µpi)
2
]
− λ
4
(
σ2 + pi2 − υ2
)2
+ c σ
+ q¯
[
i/∂ +
µB
Nc
γ0 − g
(
σ + iγ5τ · pi
)]
q, (1)
where q(x) = (u(x), d(x))T denotes the two-flavor quark
field with color degrees of freedom Nc = 3, µB is the
baryon chemical potential and τ = (τ1, τ2, τ3) are Pauli
matrices in flavor space. The linear term c σ breaks chi-
ral symmetry explicitly and we can verify that the La-
grangian has exact chiral symmetry in the chiral limit
c = 0. The model parameters of the mesonic sector
λ, υ, c are fixed by the sigma mass mσ = 660 MeV, pion
mass mpi = 138 MeV and decay constant fpi = 93 MeV,
and the quark-meson coupling constant is determined by
mvq ≡ gfpi = mσ/2 in the chiral symmetry breaking phase
(for the stability of nucleons, Ncm
v
q > mN ) [31].
For the study of cold neutron stars, we stick to the
zero temperature and finite baryon chemical potential
case. In reality, the isospin density is also large inside
NSs but will be neglected here for simplicity. As the
first step for illustrative purpose, we neglect the pion
contributions to the bubble dynamics and assume the
derivative terms ∂µ1 · · · ∂µnσ(x) have already been renor-
malized. More rigorous exploration can follow the pio-
neering works of Friedberg-Lee soliton model (though for
hadrons) [34, 35], where the coupled equations for bosons
and fermions should be solved consistently. Then, by in-
tegrating out the quark field and dropping the vacuum
term as in the standard procedure [31], the Lagrangian
density can be bosonized as a functional of σ(x), that is,
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FIG. 1. (color online) The effective potential V [σ] as a func-
tion of constant σ at three specific values of baryon chemical
potential: critical µcB (middle), subcritical ∆µB = −27 MeV
(upper) and supercritical ∆µB = 23 MeV (lower), where
∆µB = µB − µcB .
Lσ = 12 (∂µσ)2 − V [σ] with the effective potential
V [σ] =
λ
4
(
σ2 − v2)2 − cσ − 1
12pi2
[
2p3FµB − 3
(
pFµBm
2
q
−Ncm4q cosh−1
µB
Ncmq
)]
θ
(
µB
Nc
−mq
)
. (2)
Here, we have defined the quark mass mq ≡ gσ(x) and
the Fermi momentum pF ≡
√
(µB/Nc)2 −m2q. In the
constant σ scenario, the effective potential V [σ] is de-
picted in Fig. 1 for three specific values of µB . As can
be seen, there are usually two minima for V [σ]: one at
σ  0 corresponding to the chiral symmetry breaking
phase and the other at σ ∼ 0 corresponding to chiral
symmetry restoration phase (quark matter) [36]. When
we increase µB from the subcritical case (upper curve) to
the supercritical one (lower one), the true vacuum (gen-
eral minimum of V [σ]) jumps from σ  0 to σ ∼ 0.
This is the distinct feature of symmetry related first-
order phase transition and the critical value is found to
be µcB = 957 MeV for the chosen parameters.
Thus, µB has to be supercritical in order that the chiral
transition from nuclear to quark matter can happen. In
reality, µB is not a constant in NSs but rather has a
profile from center out, because we’ve known that the
baryon density changes with the radius [37]. We just
choose a simple profile: µB = µB1θ(Rc−r)+µB2θ(r−Rc)
with µB1 > µ
c
B and µB2 < µ
c
B . Only the inner cores
of neutron stars with r < Rc are relevant for bubble
nucleation and the radius is usually found to be Rc =
0− 3 km from theoretical studies [38].
Bubble dynamics.— A significant application of FPT
to neutron stars is the existence of the super-compressed
phase in the cores – gravity does the necessary work.
Then, the phase transition from nuclear to quark mat-
ter will proceed through the nucleation and expansion of
quark-matter bubbles inside the nuclear matter, which
in the following will be referred to as true and false vac-
uum, respectively. The bubbles are nucleated through
quantum tunneling effect and a single bubble is an O(4)
symmetric solution to the following equation of motion
in Euclidean space-time [39]:
∂2σ
∂ρ2
+
3
ρ
∂σ
∂ρ
=
∂V
∂σ
, (3)
where ρ =
√
(tE − tE0)2 + (x− x0)2 is the Euclidean
distance from the bubble center at (tE0,x0). The bub-
ble solution interpolates between the true vacuum in the
center and the false vacuum outside, and bubbles are
generated randomly across the whole region of false vac-
uum. Their number density is determined by the tunnel-
ing probability density Γ, which can be evaluated from
the Euclidean action and quantum fluctuations [39, 40].
The explicit expression is Γ = A B
2
4pi2 e
−B with the coeffi-
cients
A =
∣∣∣∣Det′(−∂2 + V ′′[σb])Det(−∂2 + V ′′[σF ])
∣∣∣∣−1/2 ,
B =2pi2
∫ ∞
0
ρ3dρ
{
1
2
(
dσb
dρ
)2
+ V [σb]− V [σF ]
}
, (4)
where Det′ denotes the determinant without zero modes,
and σb and σF correspond to the bubble and false vacuum
solution, respectively. The exponent B is positive definite
because the bubble solution maximizes the Euclidean ac-
tion [41]. It is complicated to evaluate the prefactor A
in a renormalized way, which receives contribution from
quantum fluctuations on top of σb [41]. However, in the
thin wall approximation (TWA) [39, 42], the prefactor
is simply A = 4
pi2R4b
eζ
′
R(−2) with ζR(x) Riemann’s zeta
function [43] and the bubble radius Rb can be deter-
mined by minimizing V ′′[σb(ρ)]. On the left panel of
Fig.2, we illuminate numerical results for dozens of low-
est eigenenergy of the quantum fluctuations. They are in
precise agreement with the analytic ones from the TWA:
ωj = (4j
2 + 4j − 3)R−2b with j = 0, 1/2, 1, . . . and thus
verify the validity of TWA for our study.
After nucleation, bubbles start to expand and eventu-
ally collide with each other. These processes simply fol-
low the classical equation of motion and the whole false
vacuum will be occupied by the bubbles in the end. The
speed of bubble walls was found to approach the light ve-
locity c quickly, with the wall width shrinks quickly [23].
This again justifies the validity of TWA for GW gener-
ation in the following and the time scale of FPT can be
roughly evaluated to be T ∼ Rc.
Gravitational wave radiation.—As the nucleated bub-
bles expand and collide, the variation of stress tensor
induces GW radiation from the core. The stress tensor
is related to the bubble configuration σ(x) as [22, 23].
Tij(kˆ, ω) =
1
2pi
∫ ∞
0
dteiωt
∫
d3x∂iσ∂jσe
−iωkˆ·x, (5)
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FIG. 2. (color online) Left: Comparison of the exact numer-
ical eigenenergy ωj of quantum fluctuations (blue dots) with
those from thin wall approximation (red dots) at a chosen
chemical potential ∆µB = 14 MeV. Right: The average total
nucleated bubbles λ as a function of µB for the core volume
Vc =
4pi
3
R3c and time T = Rc. The radius Rc is taken to be
1 km.
where kˆ is the unit wave vector pointing from the neu-
tron star to detector and ω is the angular frequency of
GW. The stress tensor will be evaluated by adopting the
envelope approximation, which was shown to be in good
agreement with the exact numerical evaluation [24]. The
approximation is based on two simplifications: (i) the
bubbles expand spherically with speed of light and do
not interfere with each other; (ii) the overlapped regions
of bubbles and the parts exceeding the boundary of false
vacuum are excluded in the integration. As a result, the
stress tensor is simply given as
Tij(kˆ, ω) =
εv
6pi
∫ ∞
0
dt eiωt
[
N∑
n=1
(t− tn)3e−iωkˆ·xn
×
∫
Sn
dΩ e−iωkˆ·xxˆixˆj
]
, (6)
where n enumerates number of bubbles, Ω is the solid
angle of each bubble wall, and tn and xn are nucleation
time and center location of the n-th bubble, respectively.
The overall magnitude of Tij is set by the latent heat
density εv, the energy density difference between the true
and false vacuum.
The resultant GW strain is then given by
hij(t) =
8G
L
Re
∫ ∞
0
dω e−iω(t−L)
[
Tij− gij
2
Tµµ
]
(kˆ, ω), (7)
where L is the distance from the neutron star to detec-
tor. To be specific, we choose kˆ along z-axis. Then,
the stress tensor components relevant for observation are
only T+ ≡ 12 (Txx − Tyy) and T× ≡ Txy with + and ×
denoting different polarization modes. Another impor-
tant observable is the differential GW energy spectrum
EGW ≡ ∂2EGW∂ω∂Ωob , where EGW is the GW energy and Ωob is
the observational solid angle [44]. In our convention, it
can be simply split into two parts: EGW = E+GW + E×GW ,
where E+/×GW is defined as
E+/×GW =
4Gω2
pi
∣∣∣T+/×(kˆ, ω)∣∣∣2 . (8)
Before we proceed to the realistic evaluations of h+/×
and E+/×GW , we need to determine the space-time coordi-
nates of all bubbles nucleated during the FPT first. For
the chosen size of the super-compressed region, the aver-
age bubble number λ ≡ ΓVcT is found to be very sensi-
tive to µB , see the right panel of Fig.2. We concentrate
on the case ∆µB ∼ 13.8 MeV below which nucleation
is highly suppressed, and both few- and many-bubble
scenarios will be considered in the following. Assum-
ing individual bubble to be nucleated independently, the
total number of bubbles k follows the Poisson distribu-
tion rule P (k) = e−λ λ
k
k! [45]. Physically, nucleation of
bubbles only occurs inside the false vacuum; neverthe-
less, we can still allow nucleation inside the true vacuum,
i.e. other bubbles nucleated before. The point is that the
later has no effect on the stress tensor under the envelope
approximation, but the implementation is much easier
than the equivalent multi-time-step evolution one [24].
With k randomly generated from the Poisson distribu-
tion, the space-time coordinates of all the bubbles are
also randomly generated in the space volume Vc within
time cutoff T .
We start with the one-bubble evolution since this is the
simplest and most representative case for few-bubble sce-
nario. For FPTs in early universe, at least two bubbles
are required to generate GW radiation [22, 23]. However,
in our case, one bubble can also have such an effect be-
cause the boundary of false vacuum provides another big
bubble (though not expanding). The results for a typi-
cal one-bubble configuration are illuminated on the left
panel of Fig.3 with the total latent energy Ev = εvVc.
A significant feature is that there is only one obvious
extreme for either the GW energy spectrum or strain
of each polarization mode, and the strains are nearly in
phase with each other except for a possible sign differ-
ence. The sign difference can be understood as follows:
Since GW polarization modes have helicity 2, rotation
of the bubble center around z-axis by an angle ϕ rotates
(h+, h×) like a vector but by an angle 2ϕ. Hence, rota-
tion would not change the relative phase between the two
modes, but can change their signs. The characteristic fre-
quency (CF) for the energy peak can be estimated from
the exponent in Eq.(6) near the end of the FPT, when
the factor (t− t1)3 is maximized. For a bubble nucleated
at spherical coordinate (r1, θ1, ϕ1), we find the transition
time T ' R+r1 and the end point x ' (T, pi−θ1, pi+ϕ1).
Then, the CF should be inversely proportional to the ef-
fective time T1 ≡ T − kˆ · x1 − kˆ · x ' T + R cos θ1. By
fitting several one-bubble results, we find ω1 ' 3.8/T1
works surprisingly well as the two bubble case [23]. For
illumination, we also present the results for 3 bubbles on
the right panel of Fig.3. The CF can be roughly evaluated
by min(ω1, ω2, ω3) and the deviation from numerical cal-
culations should be attributed to the interference among
bubbles.
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FIG. 3. (color online) The GW energy spectra RGW =
EGW /Ev (upper panels) and strains h (lower panels) for the
few-bubble scenario with bubble number Nb = 1 (left) and
Nb = 3 (right). Here, the blue dotted and orange dashed
lines correspond to the + and × polarization modes, respec-
tively.
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FIG. 4. (color online) The GW energy spectra RGW (upper
panels) and strains h (lower panels) for the many-bubble sce-
nario with bubble number Nb = 8 (left) and Nb = 12 (right).
The notations are the same as in Fig.3.
We carry out the same analysis for the scenario of
many-bubble evolution. The corresponding GW energy
spectra and strains are shown in Fig.4 for typical config-
urations with 8 and 12 bubbles. For these cases, multiple
obvious extremes can be found in both observables, the
magnitudes of which are smaller than the counterparts in
the few-bubble scenario. On the other hand, the energy
spectra/strain spans a wider range in frequency/time re-
spectively, see Fig.3. In principle, more bubbles will in-
volve more CFs ωn for different bubbles, thus more ob-
vious extremes are able to be produced in the radiation
curves. It can be verified that the extremes of the two
polarization modes do not necessarily coincide with each
other now and the in-phase property from the one-bubble
case is also lost.
Discussions.— The GW radiation obtained above can
be a very useful probe for the nuclear/quark matter phase
transition in the inner cores of NSs. First of all, the char-
acteristic frequency is approximately set by ωc ∼ 2pi/Rc,
which distinguishes itself from other sources of GW. Once
detected, it serves as a clear evidence that QCD transi-
tion is of first-order at large µB . Secondly, the duration
of the observed GW pulse Tob will strongly constrain the
size of super-compressed region: For one-bubble config-
uration, we have Rc/2 < Tob < 4Rc with the upper and
lower limits from the bubble nucleated at perigee and
apogee, respectively. Thirdly, the latent heat density εv
can be extracted from the magnitude of GW strain, as
can be seen from Eq.(6) and Eq.(7). The information
can then be transformed to the baryon density or chemi-
cal potential by following reliable QCD models. Finally,
the particular wave forms of the GW can serve as an in-
dicator of the scenarios for bubble nucleation: In-phase
wave forms for the two polarization modes with one ex-
treme would prefer few-bubble scenario, while out-phase
wave forms with multiple extremes would support many-
bubble scenario.
It is more practical to have a little numerical dis-
cussions. For the chosen radius Rc = 1 km as in
Fig.3 and Fig.4, the CF can be roughly evaluated to
ωc ∼ 6pi × 105 rad/s, which distinguishes itself by 3 or-
ders larger than that discovered in the merger of binary
neutron stars [12]. For the µB range shown on the right
panel of Fig.2, the latent heat density is almost a constant
in the quark-meson model: εv = 3.74× 107 MeV4. This
gives rise to the GW strains of order 10−25 − 10−24 and
total GW radiation energy (10−13−10−11)M (M is the
solar mass) for a near source with distance L = 0.1 Mpc,
see Fig.3 and Fig.4. The magnitudes of GW strains are
still 2 − 3 orders smaller than the threshold of the next
generation GW detector ’Cosmic Explorer’ [46]. How-
ever, if the size of inner cores is as large as 3 km and the
source is located in the active region between solar sys-
tem and the center of Milky Way with L < 0.008 Mpc,
the magnitude will increase by more than 3 orders to be
well reachable by several advanced detectors [46]. This is
promising because the typical event rate for type II su-
pernovae in spiral galaxies is about one event per 50−100
years [47]. For the hypothetical quark stars with much
larger radii ∼ 10 km [48], the observational effect will be
even more significant.
In the end, we address the question of GW damping,
mainly by the out cores composed of nuclear matter. The
upper bound of GW absorption rate is given by [49]
γ . 8piGPRNM
ω
, (9)
where P is the energy density of the nuclear matter and
RNM is the depth of the outer cores. The physical pa-
rameters can be reasonably evaluated as P ∼ 1 GeV/fm3
and RNM ∼ 6 km [38]. Then, the absorption rate is con-
5strained to γ . 0.03 for ωc ∼ 6pi × 105 rad/s, which
convinces us that the GW can escape the NSs to be de-
tected by us.
Acknowledgments.— We are grateful for Yungui Gong
and Rongfeng Shen for useful discussions. S.L. is sup-
ported by One Thousand Talent Program for Young
Scholars and NSFC under Grant Nos 11675274 and
11735007.
∗ caogaoqing@mail.sysu.edu.cn
† linshu8@mail.sysu.edu.cn
[1] D. Ivanenko and D. F. Kurdgelaidze, Lett. Nuovo Cim.
2, 13 (1969). doi:10.1007/BF02753988
[2] N. Itoh, Prog. Theor. Phys. 44, 291 (1970).
doi:10.1143/PTP.44.291
[3] G. Baym and S. A. Chin, Phys. Lett. 62B, 241 (1976).
doi:10.1016/0370-2693(76)90517-7
[4] S. Benic, D. Blaschke, D. E. Alvarez-Castillo, T. Fischer
and S. Typel, Astron. Astrophys. 577, A40 (2015)
doi:10.1051/0004-6361/201425318 [arXiv:1411.2856
[astro-ph.HE]].
[5] H. Sotani, K. Tominaga and K. i. Maeda, Phys. Rev. D
65, 024010 (2002) doi:10.1103/PhysRevD.65.024010 [gr-
qc/0108060].
[6] G. F. Marranghello, C. A. Z. Vasconcellos and J. A. de
Freitas Pacheco, Phys. Rev. D 66, 064027 (2002)
doi:10.1103/PhysRevD.66.064027 [astro-ph/0208456].
[7] M. D’Elia, M. Mariti and F. Negro, Phys. Rev. Lett. 110,
082002 (2013).
[8] A. Bazavov et al., Phys. Rev. D 95, no. 5, 054504 (2017)
doi:10.1103/PhysRevD.95.054504 [arXiv:1701.04325
[hep-lat]].
[9] B. P. Abbott et al. [LIGO Scientific and Virgo Collab-
orations], Phys. Rev. Lett. 116, no. 6, 061102 (2016)
doi:10.1103/PhysRevLett.116.061102 [arXiv:1602.03837
[gr-qc]].
[10] B. P. Abbott et al. [LIGO Scientific and Virgo Collab-
orations], Phys. Rev. Lett. 116, no. 24, 241103 (2016)
doi:10.1103/PhysRevLett.116.241103 [arXiv:1606.04855
[gr-qc]].
[11] B. P. Abbott et al. [LIGO Scientific and VIRGO Collab-
orations], Phys. Rev. Lett. 118, no. 22, 221101 (2017)
doi:10.1103/PhysRevLett.118.221101 [arXiv:1706.01812
[gr-qc]].
[12] B. P. Abbott et al. [LIGO Scientific and Virgo Collab-
orations], Phys. Rev. Lett. 119, no. 16, 161101 (2017)
doi:10.1103/PhysRevLett.119.161101 [arXiv:1710.05832
[gr-qc]].
[13] K. Hotokezaka, K. Kyutoku, H. Okawa, M. Shibata
and K. Kiuchi, Phys. Rev. D 83, 124008 (2011)
doi:10.1103/PhysRevD.83.124008 [arXiv:1105.4370
[astro-ph.HE]].
[14] K. Takami, L. Rezzolla and L. Baiotti,
Phys. Rev. Lett. 113, no. 9, 091104 (2014)
doi:10.1103/PhysRevLett.113.091104 [arXiv:1403.5672
[gr-qc]].
[15] E. Annala, T. Gorda, A. Kurkela and A. Vuori-
nen, Phys. Rev. Lett. 120, no. 17, 172703 (2018)
doi:10.1103/PhysRevLett.120.172703 [arXiv:1711.02644
[astro-ph.HE]].
[16] E. Annala, C. Ecker, C. Hoyos, N. Jokela, D. Rodr-
guez Fernndez and A. Vuorinen, arXiv:1711.06244 [astro-
ph.HE].
[17] C. M. Li, Y. Yan, J. J. Geng, Y. F. Huang and H. S. Zong,
arXiv:1808.02601 [nucl-th].
[18] Z. Y. Zhu, E. P. Zhou and A. Li, Astrophys. J.
862, no. 2, 98 (2018) doi:10.3847/1538-4357/aacc28
[arXiv:1802.05510 [nucl-th]].
[19] N. B. Zhang and B. A. Li, arXiv:1807.07698 [nucl-th].
[20] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske,
S. Schramm, H. Stcker and L. Rezzolla, arXiv:1807.03684
[astro-ph.HE].
[21] M. S. Turner and F. Wilczek, Phys. Rev. Lett. 65, 3080
(1990). doi:10.1103/PhysRevLett.65.3080
[22] A. Kosowsky, M. S. Turner and R. Watkins, Phys. Rev.
Lett. 69, 2026 (1992). doi:10.1103/PhysRevLett.69.2026
[23] A. Kosowsky, M. S. Turner and R. Watkins, Phys. Rev.
D 45, 4514 (1992). doi:10.1103/PhysRevD.45.4514
[24] A. Kosowsky and M. S. Turner, Phys. Rev. D
47, 4372 (1993) doi:10.1103/PhysRevD.47.4372 [astro-
ph/9211004].
[25] J. Garcia-Bellido, D. G. Figueroa and
A. Sastre, Phys. Rev. D 77, 043517 (2008)
doi:10.1103/PhysRevD.77.043517 [arXiv:0707.0839
[hep-ph]].
[26] S. J. Huber and T. Konstandin, JCAP 0809, 022 (2008)
doi:10.1088/1475-7516/2008/09/022 [arXiv:0806.1828
[hep-ph]].
[27] M. Hindmarsh, S. J. Huber, K. Rummukainen and
D. J. Weir, Phys. Rev. Lett. 112, 041301 (2014)
doi:10.1103/PhysRevLett.112.041301 [arXiv:1304.2433
[hep-ph]].
[28] T. Kalaydzhyan and E. Shuryak, Phys. Rev. D 91,
no. 8, 083502 (2015) doi:10.1103/PhysRevD.91.083502
[arXiv:1412.5147 [hep-ph]].
[29] Y. Chen, M. Huang and Q. S. Yan, JHEP 1805, 178
(2018) doi:10.1007/JHEP05(2018)178 [arXiv:1712.03470
[hep-ph]].
[30] P. Zhuang, J. Hufner and S. P. Klevansky, Nucl. Phys. A
576, 525 (1994).
[31] B. J. Schaefer and J. Wambach, Phys. Rev. D 75,
085015 (2007) doi:10.1103/PhysRevD.75.085015 [hep-
ph/0603256].
[32] K. Fukushima and C. Sasaki, Prog. Part. Nucl.
Phys. 72, 99 (2013) doi:10.1016/j.ppnp.2013.05.003
[arXiv:1301.6377 [hep-ph]].
[33] W. j. Fu, Z. Bai and Y. x. Liu, arXiv:1701.00418 [hep-ph].
[34] R. Friedberg and T. D. Lee, Phys. Rev. D 15, 1694
(1977). doi:10.1103/PhysRevD.15.1694
[35] R. Friedberg and T. D. Lee, Phys. Rev. D 16, 1096
(1977). doi:10.1103/PhysRevD.16.1096
[36] S. P. Klevansky, Rev. Mod. Phys. 64, 649 (1992).
doi:10.1103/RevModPhys.64.649
[37] B. A. Li, L. W. Chen and C. M. Ko, Phys.
Rept. 464, 113 (2008) doi:10.1016/j.physrep.2008.04.005
[arXiv:0804.3580 [nucl-th]].
[38] F. Weber, Prog. Part. Nucl. Phys. 54, 193 (2005)
doi:10.1016/j.ppnp.2004.07.001 [astro-ph/0407155].
[39] S. R. Coleman, Phys. Rev. D 15, 2929 (1977)
Erratum: [Phys. Rev. D 16, 1248 (1977)].
doi:10.1103/PhysRevD.15.2929, 10.1103/Phys-
RevD.16.1248
[40] C. G. Callan, Jr. and S. R. Coleman, Phys. Rev. D 16,
61762 (1977). doi:10.1103/PhysRevD.16.1762
[41] S. Coleman, Aspects of Symmetry, Chapter 7 (Cambridge
University Press, Cambridge, England, 1985).
[42] M. Stone, Phys. Rev. D 14, 3568 (1976).
doi:10.1103/PhysRevD.14.3568
[43] J. Garriga, Phys. Rev. D 49, 6327 (1994)
doi:10.1103/PhysRevD.49.6327 [hep-ph/9308280].
[44] S. Weinberg, Gravitation and Cosmology (Wiley, New
York, 1972).
[45] A. H. Guth, Phys. Rev. D 23, 347 (1981)
[Adv. Ser. Astrophys. Cosmol. 3, 139 (1987)].
doi:10.1103/PhysRevD.23.347
[46] B. P. Abbott et al. [LIGO Scientific Collaboration], Class.
Quant. Grav. 34, no. 4, 044001 (2017) doi:10.1088/1361-
6382/aa51f4 [arXiv:1607.08697 [astro-ph.IM]].
[47] M. Camenzind, Compact Objects in Astrophysics: White
Dwarfs, Neutron Stars and Black Holes, p.269, (Springer
Science & Business Media, 2007).
[48] F. Ozel, D. Psaltis, T. Guver, G. Baym, C. Heinke
and S. Guillot, Astrophys. J. 820, no. 1, 28 (2016)
doi:10.3847/0004-637X/820/1/28 [arXiv:1505.05155
[astro-ph.HE]].
[49] G. Baym, S. P. Patil and C. J. Pethick, Phys. Rev. D 96,
no. 8, 084033 (2017) doi:10.1103/PhysRevD.96.084033
[arXiv:1707.05192 [gr-qc]].
